In this work an investigation of long period fiber gratings (LPFGs) over coated with iron (Fe) thin layers with different thicknesses and subjected to oxidation in air atmosphere under controlled temperature is presented. The formation of iron oxides was monitored in real time by following the optical features of the LPFG attenuation band. The morphology of the oxide layer was further analyzed by scanning electron microscope (SEM). Preliminary results show that iron coated LPFGs can be used as sensors for early warning of corrosion in projects where metal structures made of iron alloys are in contact with atmospheric air.
INTRODUCTION
Corrosion of iron and its alloys is the degradation of material properties due to interactions with their environments. Civil and military infrastructures, along with countless commercial products are made of iron, steel or alloys containing iron. The exploration of land and sea resources, such as agriculture, aquaculture and land or sea mining, requires metallic structures, often made of iron alloys, which are exposed to corrosion. Corrosion causes unwanted use of resources, contamination of industry products, reduction in efficiency, compromise safety in civil structures and imposes expensive maintenance. Its consequences led to large economic losses. In 2013, the direct cost of corrosion was ~3% of the U.S.A. GDP.
Since optical fibers are made of silica, they are robust and can withstand harsh environments, such as high-temperature and corrosive environments. Many schemes for monitoring structural conditions in reinforced concrete structures, such as strain and deformation, have been proposed using fiber optic sensors (FOS), either embedded or surface mounted [1, 2] . Several studies for monitoring the corrosion status in rebar and in standalone metallic structures can be found in the literature, see [3] and references therein.
Several types of FOS for structural monitoring have been developed based on intensity, polarization, interferometry, fiber Bragg gratings (FBGs) and LPFGs. For example, transverse loading over LPGFs was used for the omnidirectional monitoring of rebar corrosion in concrete [4] . FOS embedded in functionalized carbon and textile structures were introduced for the purpose of structural monitoring of concrete structures [3] . LPFG sensors coated with a thin layer of polyurethane and nanoparticles of iron/silicate were proposed to monitoring the corrosion process of deformed steel bars, however, sensitivity decreased with time [5] . In addition, LPFG sensors coated with a silver thin film were demonstrated for monitoring corrosion of steel thick films (produced by electroplating in a solution) in 3.5 wt % NaCl solution [6] .
Real time monitoring of oxidation of pure metals in air was reported by measuring the wavelength shift and the optical power variation of the LPFGs attenuation band [7] . In particular, LPFGs were used to monitor the characteristics of copper (Cu) thin films when annealed in air atmosphere up to 680ºC and the features of the resonant bands were found to be associated with the Cu oxide phase transitions [8] . In this work, low temperature oxidation of pure iron thin films in air atmosphere was monitored in real time by the observation of coated LPFGs through its optical features. 
MATERIAL AND METHODS
Standard single mode fiber (SMF28e, Corning, Inc.) for optical communications where used to produce LPFGs using the electric arc technique as described by Rego et al. [9] . The period of the LPFG was 385 μm, a value chosen in order to obtain the asymmetric 6 th order cladding mode resonance around 1.46 μm. Depending on the oxidation process the resonance can shift up to 1.55 μm. The grating attenuation band of about 25 dB was reached with a sensor length of 45±5 mm.
Iron thin films with thickness of 20 nm was deposited around the grating region by thermal evaporation of pure metal using an electron beam evaporator (Auto 306 Edwards Ltd, U. K.) fitted to a home-made rotary system, producing homogeneous coatings around the cylindrical fibers with a velocity of ≈5 rpm.
Thin films of iron were simultaneously deposited on quartz (SiO 2 ) substrates and thermal annealed up to ~650 ºC. Further analysis of the planar thin films of iron oxides were accomplished by scanning electron microscopy (SEM, QUANTA 400 FEG, FEI, U.S.A.).
The scheme of the oxidation process of the iron thin films is presented in Fig. 1 . The coated LPFGs were placed in an tubular oven, clamped in one end while the other end was kept stretched at a constant tension with a 5 g weight to avoid bending. The fiber was illuminated with a super luminescent diode source (Benchtop SLD model S5FC1550S-A2 -Thorlabs, Germany) and the LPFGs were characterized in transmission mode with an optical spectrum analyser (OSAmodel Yokogawa AQ 6370D). The temperature of the oven was set through a PID controller (Model Eurotherm 2216e, United Kingdom) with an accuracy of 0.25 % using a thermocouple located in the middle of the heating section close to the iron coating. 
RESULTS AND DISCUSSION
The thermal annealing leading to oxidation of the iron thin film gives rise to wavelength shift and changes in the depth of the LPFG attenuation bands. spectrum of the corresponding bare/uncoated LPFG at 30°C is also shown). The analysis of the optical power variation and wavelength shift of the LP 1, 6 mode as a function of the same annealing temperatures from 30 to 656 ºC is presented in Fig. 3 . The large reduction of the attenuation band due to the iron coating when compared to the bare LPFG is evident. As temperature raises up to 405ºC the attenuation band moves to higher wavelength and increases from -15.2 to -22.8 dB. This spectral behavior points to the formation of a metal oxide around the grating [8] , and is compatible with previous reports for the annealing of Ni, Cr and Al [7] . In this range of temperatures, without the presence of water vapor, the stable iron oxides are magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ) [10] . As the temperature goes above 405ºC the attenuation band continues to move to higher wavelength, but at a higher rate, and its intensity decreases steadily. When a bare LPFG is heated, there is a red-shift of the peak wavelength of the attenuation bands, accompanied by a steady decrease of its intensity, as reported in [8] . Therefore, the wavelength shift plateau near ~350ºC and the sudden increase in the slope denotes the oxidation of the iron thin film. In addition, the very pronounced peak near 405ºC in the optical power curve of Fig. 3 is a clear indication of the metal to oxide transition. SEM photographs of iron thin films on quartz before and after annealing at 400ºC for 1 hour are presented in Fig. 4 (a) and (b), respectively. Qualitatively, the smooth surface of the as-deposited iron thin film gives place to a rough surface with high porosity, with particle diameters in the range of few hundreds of nanometers. 
CONCLUSIONS
In this work, is was presented a study of LPFGs over coated with iron and subjected to oxidation in air atmosphere under controlled temperature and humidity. The formation of iron oxide was monitored in real time by following the features of the LPFGs attenuation band. The SEM analysis of the same coating layers deposited simultaneously on top of quartz substrates have shown different morphology of the surface before and after the thermal annealing, being in agreement with the observations through the LPFG. Preliminary results show that iron coated LPFGs can be used as sensors for early warning of corrosion in projects where metal structures made of iron alloys are in contact with atmospheric air. The changes in the LPFG optical features are clearly visible and highly dependent with the Fe oxidation state. Further studies on the oxide sates formed during the thermal annealing will be carried out using X-ray Diffraction (XRD).
